We present 22 new transit observations of the exoplanets WASP-18Ab, WASP-19b, and WASP-77Ab, from the Transit Monitoring in the South (TraMoS) project. We simultaneously model our newly collected transit light curves with archival photometry and radial velocity data, to obtain refined physical and orbital parameters. We include TESS light curves of the three exoplanets to perform an extended analysis of the variations in their transit mid-time (TTV) and to refine their planetary orbital ephemeris. We did not find significant TTV RMS variations larger than 47, 65, and 86 seconds for WASP-18Ab, WASP-19b, and WASP-77Ab, respectively. Dynamical simulations were carried out to constrain the masses of a possible perturber. The observed RMS could be produced by a perturber body with an upper limit mass of 9, 2.5, 11 and 4 M ⊕ in 1:2, 1:3, 2:1, and 3:1 resonances in the WASP-18Ab system. In the case of WASP-19b, companions with masses up to 0.26, 0.65, 1 and 2.8 M ⊕ , in 1:2, 2:1, 3:1, and 5:3 resonances, produce the RMS. And for the WASP-77Ab system, a planet with mass between 1.5 − 9 M ⊕ in 1:2, 1:3, 2:1, 2:3, 3:1, 3:5, 5:3 resonances. Comparing our results with RV variations, we discard massive companions with 350 M ⊕ in 17:5 resonance for WASP-18Ab, 95 M ⊕ in 4:1 resonance for WASP-19b and 105 M ⊕ in 5:2 resonance for WASP-77Ab. Finally, using a Lomb-Scargle period search we find no evidence of a periodic trend on our TTV data for the three exoplanets.
Introduction
High-precision long-term transit follow-ups provide tremendous opportunities in improving our understanding of exoplanets, leading to obtain more accurate measurements of planetary radius, especially those detected with ground-based transit surveys (e.g., HATNet and HATSouth, Bakos 2012; SuperWASP, Pollacco et al. 2006; KELT, Pepper et al. 2007 ; TRES, Alonso et al. 2007 , CSTAR, Wang et al. 2014 . With improved photometry, we can refine planetary orbital ephemeris (Wang et al. 2018b) , which is vital to schedule future transit-related observations, such as Rossiter-Mclaughlin effect measurement (Nutzman et al. 2011; Sanchis-Ojeda & Winn 2011; Sanchis-Ojeda et al. 2013; Wang et al. 2018a ) and transmission spectrum follow-up (Mancini et al. 2016a; Mackebrandt et al. 2017 ).
Long-term photometric follow-up also provides a unique chance to study the variations of the orbital periods. A recent study shows the apparent orbital decay in the WASP-12 system (Patra et al. 2017) , which intrigues a series of theoretical studies (Millholland & Laughlin 2018; Weinberg et al. 2017) to discuss the potential mechanisms. The transit follow-up also plays an important role in exoplanet system which shows interesting Transit Timing Variations (TTV) (Ballard et al. 2011; Ford et al. 2012; Steffen et al. 2012a; Fabrycky et al. 2012; Mancini et al. 2016b; Wang et al. 2017a; Wu et al. 2018) . Ballard (2018) predicted that around 5% of planets discovered by TESS (Ricker 2014 ) will show TTVs. Transit follow-up of these targets is very critical because most of them will only be monitored for ∼ 27 days, whereas the typical TTV period is around years.
Furthermore, extended TTV studies are crucial to confirm or rule out exoplanetary systems, in cases where space-based observations will not cover the long-time scales required to characterize them (von Essen et al. 2018) . Thus, combining ground and space-based observations will be crucial.
The TTV method (Miralda-Escudé 2002; Agol et al. 2005; Holman & Murray 2005 ) also provides a powerful tool to detect additional low-mass planets in hot Jupiter systems, which is usually hard to find by using other techniques (Steffen et al. 2012b ). Many efforts have been devoted to this field (Pál et al. 2011; Hoyer et al. 2012 Hoyer et al. , 2013 Szabó et al. 2013 ), but so far only two hot Jupiters have been found to accompanies with additional close-in planets (WASP-47: Becker et al. (2015) , and Kepler-730: Cañas et al. (2019) ). The accurate occurrence rate of the "WASP-47-like" system, which hosts a hot Jupiter and at least one additional planet with a period less than 100 days, is still unknown.
To refine orbital parameters of currently known exoplanets, and to search for additional planets by using the TTV method, we organized the Transit Monitoring in the South hemisphere (TraMoS) project (Hoyer et al. 2011 ) since 2008. We use onemeter class telescopes in the north of Chile to conduct highprecision long-term transit follow-up.
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WASP-18Ab is a transiting hot Jupiter discovered by Hellier et al. (2009) within the WASP-South transit survey (Pollacco et al. 2006) . It is an extremely close-in planet with an orbital period of 0.94 days. The host star is an F6 type and it is the brightest component of a binary system (Csizmadia et al. 2019; Fontanive et al. 2019) . Regarding its physical properties, WASP-18Ab is about ten times more massive than Jupiter with approximately the same radius (M P = 10.3 M Jupiter , R P = 1.1 R Jupiter ). Even though a rapid orbital decay was predicted theoretically (Hellier et al. 2009 ), it is not observed yet (Wilkins et al. 2017) and new theoretical models propose a variation of fewer than 4 seconds in the transit time over a 20-yr baseline (Collier Cameron & Jardine 2018) .
The hot Jupiter WASP-19b was first reported by Hebb et al. (2010) . It is known as one of the hot Jupiters with the shortest orbital period (P = 0.788 days). With a mass of 1.15 M Jupiter and a radius of 1.31 R Jupiter , the planet orbits an active G8 dwarf.
The third exoplanet we followed-up in this work, WASP-77Ab, was first presented by Maxted et al. (2013a) . WASP-77Ab has a mass of 1.8 M Jupiter and a radius of 1.2 R Jupiter . It transits a G8 star in 1.36 days, which is the brightest component of a visual binary system. This system has a separation of 3.3 arcsec.
This paper is organized as follows. In Section 2 are summarized the photometric observations and their reduction process. In Section 3 we present the new light curves of the targets and the description of the technique used to obtain their orbital and physical parameters. The principal results and their consequences are presented in Section 4. Finally, a summary and conclusions are described in Section 5.
Observations and Data Reduction
We collected 8 light curves for WASP-18Ab between 2009 and 2017, 9 light curves for WASP-19b between 2011 and 2017, and 5 light curves for WASP-77Ab between 2015 and 2017. We included 4 transits of WASP-77Ab from the Exoplanet Transit Database (ETD: Poddaný et al. (2010) ) to cover a larger time span.
All the photometry was collected by using either the Danish 1.54 m telescope at ESO La Silla Observatory or the SMARTS 1 m at Cerro Tololo Observatory (CTIO), except for one transit of WASP-77Ab that was observed with the Warsaw 1.3 m at Las Campanas Observatory (LCO). The log of our observations is in Table 1 . The new TraMoS light curves used for this work are presented in Figure 1 .
For the photometric observations conducted on the Danish telescope, we used the Danish Faint Object Spectrograph and Camera (DFOSC) instrument, which has a 2K × 2K CCD with a 13.7 x 13.7 arcmin 2 field of view (FoV) and a pixel scale of 0.39" per pixel. To reduce the readout time, some of the Danish 1.54 m images were windowed to only include the target star and its closest reference stars. The observations of the transits of WASP-18Ab during 2016 and 2017 were forced to be windowed due to a malfunction of the CCD. For those transits, only one reference star was used to perform the photometry.
The SMARTS 1 m has the Y4KCam instrument which is a 4K × 4K CCD camera with a 20 × 20 arcmin 2 FoV and a pixel scale of 0.289" per pixel.
For the observation with the Warsaw 1.3 m telescope, we used a 2048 × 4096 CCD camera chip with a 1.4 square degrees of FoV and 0.26" per pixel scale. No windowing or binning was used during the observations on both SMARTS 1m and the Warsaw 1.3m telescope.
As suggested by Southworth et al. (2009) , most of our observations, specifically those conducted after 2011, used the defocus technique. This allows longer exposure times in bright targets and improves the photometric precision. We adjusted the exposure time during the observations if the weather was not ideal. The recorded Julian Date in the Coordinated Universal Time (JD UTC ) were converted into Barycentric Julian Date in the Barycentric Dynamical Time standard (BJD TDB ) by following the procedure as in Eastman et al. (2010) .
We reduced the data by using our custom pipeline. It follows the standard procedures of reduction, calibration, and aperture photometry, but customized for each used instrument. The data was bias and flat-field calibrated using master bias and master flat-field images. These master images were built from at least 10 individual bias and flats obtained at the beginning of each observing night. When that was not possible, we used bias and flat-field images from the closest observing night. Then, the flux time series of all the selected stars in the FoV was obtained using aperture photometry. The radius of the aperture was chosen, in order to minimize the dispersion of the light curve in the out-oftransit points. To remove the sky-background we used the median of the pixels in a ring around the star. The size of this ring depends on each case, but it was determined in an iterative process over a range of values for external and internal sky radius. To built the relative photometry of the target we use the best reference stars in terms of its variability after checking for saturation and stability. The pipeline semi-automatically finds the best aperture and the size of the ring for the sky that produces the light curve with less RMS.
Light curve and RV analysis
To obtain the refined orbital and physical parameters of WASP-18Ab, WASP-19b, and WASP-77Ab, as well as their transit midtime (T c ), we used EXOFASTv2 (Eastman et al. 2013; Eastman 2017) to model the light curves together with archived RV data from Hellier et al. (2009 ), Hebb et al. (2010 , and Maxted et al. (2013a) .
EXOFASTv2 is an IDL code designed to simultaneously fit transits and radial velocity measurements obtained from different filters or different telescopes. It uses the Differential Evolution Markov chain Monte Carlo (DE-MCMC) method to derive the values and their uncertainties of the stellar, orbital and physical parameters of the system.
The stellar parameters of WASP-18A, WASP-19, and WASP-77A were computed using the MESA Isochrones and Stellar Tracks (MIST) model (Dotter 2016) included in EXO-FASTv2. We applied Gaussian priors in surface gravity log g, effective temperature T eff , and metallicity [Fe/H] of the stars, from Hellier et al. (2009 ), Hebb et al. (2010 and Maxted et al. (2013a) for WASP-18A, WASP-19 and WASP-77A, respectively. These priors have mixed origins. While the priors used in WASP-18A came from stellar evolutionary tracks models, for WASP-19 and WASP-77A their priors have a spectroscopic origin.
We were not able to separate the contribution of the two companions of the binary system WASP-77. The separation of the components is 3.3 arcsec, but our photometry aperture is about 10 arcsec. Thus, we computed the dilution factor -fraction of the light that comes from the companion star -for each filter of our data set to get the real transit depth of WASP-77Ab. Because of the lack of good quality magnitude measurements for the fainter companion WASP-77B in the B, I, R and clear passbands, we derived them from the Gaia magnitude (G = 11.8356) assuming Black Body radiation. The derived magnitudes for WASP-77B are V = 11.97, B = 12.72, R = 11.57, I = 10.95 and clear = 11.78.
We set previously published values as uniform priors for the DE-MCMC in all the transit, RV parameters, quadratic limb darkening coefficients and T c . The priors were taken from the discovery papers of WASP-18Ab (Hellier et al. 2009 ), WASP-19b (Hebb et al. 2010 ) and WASP-77Ab (Maxted et al. 2013a) .
In order to reduce significantly the convergence time of the chains during the EXOFASTv2 fitting, we started from shorter chains. Thus, the total time to complete that run is reduced. After it finished, we took the values from its best model and used them as priors for the next short run. This process was repeated until the chains were converged and well-mixed.
The best-fitted model is presented in Figure 1 for our transit data from the TraMoS project, and in Figure 2 for the RV archival data. 
Results and Discussion

Transit Parameters and Physical Properties
WASP-18Ab
The resulting parameters from the global fit of the WASP-18A system in comparison with the results of the discovery paper Hellier et al. (2009) and the most recent analysis with TESS data (Shporer et al. 2018) , are listed in Table 3 . While in Hellier et al. (2009) the analysis was performed combining photometry and RV data, in Shporer et al. (2018) only photometric data was used.
As the stellar spectroscopic priors were taken from the discovery paper Hellier et al. (2009) , our results for the stellar mass M * and radius R * are in good agreement with theirs, as expected, as well as the rest of the stellar parameters. Shporer et al. (2018) does not present results of stellar parameters.
In the case of the primary transit parameters, the greatest difference is found in the radius of the planet in stellar radii R p /R * . Our reported R p /R * is 7.5σ and 4.1σ larger that the reported by For the radial velocity parameters, the RV semi-amplitude derived from our analysis is consistent with the value of Hellier et al. (2009) , as the same data was used.
Finally, the derived parameters of the system are, in general, in good agreement with the values from Hellier et al. (2009) and Shporer et al. (2018) . Even though our value for the eccentricity e is within 1σ to the result from Hellier et al. (2009) , it is im-portant to highlight that their difference may be a consequence as our limited number of RV measurement. We did not consider one RV measurement from Hellier et al. (2009) that were observed during a transit event.
WASP-19b
The results of the global fit of the WASP-19 system are listed in Table 4 , in comparison with the previous values from the discovery paper (Hebb et al. 2010) , and a more recent work (Lendl et al. 2013) .
To estimate the stellar parameters of WASP-19, we used as priors the stellar spectroscopic parameters from Hebb et al. (2010) . Thus, in general, our results are in agreement with those from the discovery paper. The most important discrepancies are the density of the star ρ * and the surface gravity log g, showing +2.5σ and −3.2σ difference, respectively. Comparing with the results from Lendl et al. (2013) , ours are all in good agreement. The stellar surface gravity log g derived from spectroscopy may be different from the values that include constraints from transit data (Torres et al. 2012) .
For values of the primary transit parameters obtained from the light curves, the greatest differences are found in the orbital inclination i and the total transit duration T 14 . We report an inclination value 5.1σ smaller than Hebb et al. (2010) , but in agreement with the estimate of Lendl et al. (2013) . In the other hand, our estimation of T 14 is significantly larger than Hebb et al. (2010) by 9σ, but the difference is only 3.5σ when compared with Lendl et al. (2013) . We also report a more precise impact parameter b and transit depth δ.
As the same RV data set from the discovery paper (Hebb et al. 2010 ) was used to perform our analysis, the almost identical values in the RV semi-amplitude K is not a surprise. Moreover, the values from Lendl et al. (2013) are also in agreement.
The planetary parameters derived from the light curve and radial velocity analysis are almost all in good agreement with the comparison works. The only parameter with a difference greater than 3σ is our estimation of the Equilibrium Temperature T eq compared with the result of Hebb et al. (2010) . However, our result is in better agreement with Lendl et al. (2013) by less than 2σ. Table 5 lists the results of the global fit of the WASP-77A system, in comparison with the values from its discovery paper (Maxted et al. 2013a ) on which photometry and RV data were used. No other previous work has reported bulk measurements for this system.
WASP-77Ab
Almost all the stellar parameters are in agreement with (Maxted et al. 2013a ), except for a −9.7σ difference in the stellar surface gravity log g, where our reported value is more precise. This difference can be explained as the same for the case of WASP-19 (see Section 4.2.1).
The primary transit parameters, as well as the RV parameters and the derived planetary parameters, are consistent with the results from Maxted et al. (2013a) .
Transit Timing Variations
A transit timing variation (TTV) is represented through a difference in time between the expected transit mid-time, assuming a Keplerian motion for the planet, and the observed transit mid- time. The TTVs for the three targets were computed considering our transit mid-times from the TraMoS project, as well as including previous transit mid-times already published and new transit mid-times coming from TESS (Ricker 2014) light curves. During its first year, TESS observed stars exclusively in the Southern hemisphere. WASP-18A was observed during Sector 2 and 3 producing 45 complete transit events. WASP-19 was observed in Sector 9 producing 29 complete transit events, and WASP-77A was observed during Sector 4 and produced 15 complete light curves.
TESS data are reduced by the Science Processing Operations Center (SPOC) and after being processed, they are archived in the Mikulski Archive for Space Telescopes (MAST 1 ) catalog where can be downloaded directly by anyone. We downloaded the complete light curves of our three targets from the MAST catalog. Then, the transit events were identified and cut in independent light curves. For each TESS light curve, its corresponding transit mid-time T c was computed using EXOFASTv2 (Eastman et al. 2013 ). The transit mid-times of all the new TESS light curves are listed in Tables 7, 8, and 9.
A refined orbital period was linearly fitted, considering a total of 63, 88 and 26 transit times of WASP-18Ab, WASP-19b, and WASP-77Ab, respectively. Along with the linear model, we also tested a second-degree polynomial to analyze a possible orbital decay. Both models considered the errors of the data. In Figure 4 are presented all the TTV measurements for the transit mid-times of WASP-18Ab, WASP-19b and, WASP-77Ab.
If the planet stays in a Keplerian orbit, its transit mid-time T c of each epoch E should follow a linear function of the orbital period P.
Where T c (0) is the optimal transit time in an arbitrary zero epoch. The best-fitted values of T c (0) for WASP-18Ab, WASP-19b and WASP-77Ab, are listed in Tables 3, 4 and 5, respectively.
WASP-18Ab
For this system, the proposed linear ephemeris equation considering 63 transit mid-times is: Table 7 lists the transit mid-times and their deviation from the proposed linear ephemeris (TTV) of TraMoS data, previous published works Hellier et al. 2009; Maxted et al. 2013b ) and TESS light curves of WASP-18Ab.
The top panel of Figure 4 is the linear plot of TTV versus epoch for this planet. The deviations of the transit midtimes from the linear ephemeris has an RMS of 47 seconds. The greater deviations come from the transit mid-time of the epochs −1904 and −1184, which are over the linear ephemeris by 2.1σ. If those values are removed, the RMS decreases to 35 seconds. The TTVs list in Table Table 7 , except the epochs −1904 and −1184, lie within 1.5σ from the linear fit.
The epoch −1184 has the greatest error in our sample because it is not a complete transit, while the epoch −1904, the one with the highest deviation from the linear ephemeris on our sample, was observed during not optimal weather conditions. When testing the goodness of the linear fit, χ 2 red = 0.36, while for a second-degree polynomial is χ 2 red = 0.35, therefore an orbital decay can be discarded in agreement with theoretical estimations (Collier Cameron & Jardine 2018).
WASP-19b
The proposed equation for linear ephemeris, considering 88 transit times of WASP-19b is:
The TTV values from the proposed linear ephemeris are listed in Table 8 , including transit mid-times from TraMos, previous works (Hebb et al. 2010; Anderson et al. 2010; Lendl et al. 2013; Tregloan-Reed et al. 2013; Bean et al. 2013; Mancini et al. 2013 ) and TESS. Some of the transit mid-times from Mancini et al. (2013) come from the Exoplanet Transit Database catalog and they are accordingly identified in Table 8 .
At the middle panel of Figure 4 are the TTV values versus epoch, for all the transit time considered in this work.
The RMS from the linear ephemeris is about 65 seconds. The epochs −1311, −1011, −886 and −642 have a deviation above 3σ from the linear ephemeris. If they are removed, then the RMS decreases to 52 seconds. Moreover, in our data the epoch −611 has one of the greatest errors due to bad weather conditions.
Considering all the transit mid-times from Table 8 , the linear fit has χ 2 red = 0.65. A second-degree polynomial was also tested to reject or not a possible orbital decay. The goodness of that fit is χ 2 red = 0.64.
WASP-77Ab
As in the previous targets, we computed a refined linear ephemeris equation for WASP-77A considering 26 transit times:
T C (E) = 2457420.88439 ± (85) + E · 1.36002866 ± (17) (4)
In Table 5 are listed the TTV values of our transit times (TraMoS), previous works (Turner et al. 2016; Maxted et al. 2013a) and TESS. At the bottom of Figure 4 , the TTV of WASP-77Ab is plotted versus epoch. The scatter of all the transit times is about RMS = 86 seconds.
The epochs 175 and 229 are 2.3σ and 3σ, respectively, above from the expected transit time following the linear ephemeris. The rest of the epochs lie within 1.5σ from it. When removing the epochs 175 and 229, the RMS decreases to 66 seconds.
Considering all the transit times, the linear fit has χ 2 red = 1.03, and the second-degree polynomial has χ 2 red = 0.72. Anyway, the second-order fit is highly dominated by the outlier at epoch 229 (see Figure 4 ). After removing it, the reduced chisquared is χ 2 red = 0.37. In all cases, the best fit corresponds to the linear ephemeris. The variation in the transit mid-time at epoch 229 may be caused due to not optimal weather conditions (100% humidity) during the observation and the lack of good coverage in the after-transit baseline.
Upper Mass Limits of a Hypothetical Perturber
The results from our mid-transit time study (see Section 4.2) allow us to infer an upper mass limit for an additional planet in each system. A perturbing planet will introduce a change in the mid-transit times of a known planet, which can be quantified by the RMS scatter around the nominal ( ephemeris. The TTV effect is amplified for orbital configurations involving mean-motion resonances (Agol et al. 2005; Holman & Murray 2005; Nesvorný & Morbidelli 2008) . In principle, this amplification would allow the detection of a low-mass planetary perturbing body. A larger perturbation implies a larger RMS scatter around the nominal ephemeris.
The applied method follows the technique described in Wang et al. (2018b Wang et al. ( , 2017b Wang et al. ( , 2018c . The calculation of an upper mass limit is performed numerically via direct orbit integrations. For this task, we have modified the FORTRAN-based MICRO-FARM 2 package (Goździewski 2003; Goździewski et al. 2008) which utilizes OpenMPI 3 to spawn hundreds of single-task parallel jobs on a suitable super-computing facility. The package's main purpose is the numerical computation of the Mean Exponential Growth factor of Nearby Orbits (Cincotta & Simó 2000; Goździewski et al. 2001; Cincotta et al. 2003 , MEGNO) over a grid of initial values of orbital parameters for an n-body problem. The calculation of the RMS scatter of TTVs in the present work follows a direct brute-force method, which proved to be robust given the availability of computing power.
Within the framework of the three-body problem, we integrated the orbits of one of our three hot Jupiters and an additional perturbing planet around their host stars. The mid-transit time was calculated iteratively to a high precision from a series of back-and-forth integrations once a transit of the transiting planet was detected. The best-fit radii of both the planet and the host star were accounted for. We then calculated an analytic leastsquares regression to the time-series of transit numbers and midtransit times to determine a best-fitting linear ephemeris with an associated RMS statistic for the TTVs. The RMS statistic was based on a 20-year integration corresponding to 7763 transits for WASP-18b, 9270 transits for WASP-19b, and 5371 transit events for WASP-77Ab. This procedure was then applied to a grid of masses and semi-major axes of the perturbing planet while fixing all the other orbital parameters. In this study, we have chosen to start the perturbing planet on a circular orbit that is coplanar with the transiting planet; this implies that Ω 2 = 0 • and ω 2 = 0 • for the perturbing and Ω 1 = 0 • for the transiting planet. This setting provides a most conservative estimate of the upper mass limit of a possible perturber (Bean 2009; Fukui et al. 2011; Hoyer et al. 2011 Hoyer et al. , 2012 . For the interested readers, we refer to Wang et al. (2018c) , which has studied the effects of TTVs on varying initial orbital parameters.
In order to calculate the location of mean-motion resonances, we have used the same code to calculate MEGNO on the same parameter grid. However, this time we integrated each initial grid point for 1000 years, allowing this study to highlight the location of weak chaotic high-order mean-motion resonances. In short, MEGNO quantitatively measures the degree of stochastic behaviour of a non-linear dynamical system and has been proven useful in the detection of chaotic resonances (Goździewski et al. 2001; Hinse et al. 2010) . In addition to the Newtonian equations of motion, the associated variational equations of motion are solved simultaneously allowing the calculation of MEGNO at each integration time step. The MICROFARM package implements the ODEX 4 extrapolation algorithm to numerically solve the system of first-order differential equations. 
whereδ/δ is the relative change of the variational vector δ. The time-averaged or mean of Y(t) (time-averaged MEGNO) is given as:
The notation can be confusing at times. In Cincotta & Simó (2000) the MEGNO (Y(t) and Y(t) as written above) is introduced as J andJ, respectively. In Cincotta et al. (2003) the MEGNO index and its time-average is denoted as Y andȲ. When presenting results ( Figures 5 -7) it is always the time-averaged MEGNO index that is utilized to quantitatively differentiate between quasi-periodic and chaotic dynamics. The variational vector δ is determined from an initial-value problem by numerically solving the variational equations of motion Mikkola & Innanen (1999) in parallel with the Newtonian equations of motion. We refer to Hinse et al. (2010) for a short and compact review of essential properties of MEGNO. In a dynamical system that evolves quasi-periodically in time the quantity Y will asymptotically approach 2.0 for t → ∞. In that case, often the orbital elements associated with that orbit are bounded. In case of a chaotic time evolution the quantity Y diverges away from 2.0. with orbital parameters exhibiting erratic temporal excursions. For quasi-periodic orbits, we typically have | Y − 2.0| < 0.001 at the end of each integration.
Importantly, MEGNO is unable to prove that a dynamical system is evolving quasi-periodically, meaning that a given system cannot be proven to be stable or bounded for all times. The integration of the equations of motion only considers a limited time period. However, once a given initial condition has found to be chaotic, there is no doubt about its erratic nature in the future.
In the following, we will present the results of each system for which we have calculated the RMS scatter of TTVs on a grid of the masses and semi-major axes of a perturbing planet in a circular, co-planar orbit. Results are shown in Figures 5 -7 and Table 6 . In each of the three cases, we find the usual instability region located in the proximity of the transiting planet with MEGNO color-coded as yellow (corresponding to Y > 5). The extent of these regions coincides with the results presented in Barnes & Greenberg (2006) . The locations of mean-motion resonances are indicated by arrows in each map.
WASP-18Ab
For the WASP-18Ab system we find a large region of instability when compared to the other two systems with the boundaries at the 1:2 interior and 2:1 exterior mean-motion resonance. By over-plotting the RMS scatter of mid-transit times (TTV RMS ) for a certain value, we find that the TTVs are relatively more sensitive at orbital architectures involving mean-motion resonances confirming the results by Agol et al. (2005) and Holman & Murray (2005) . This also applies to WASP-19 and WASP-77A.
As shown in Figure 5 , we find that a perturbing body of mass (upper limit) around 4 − 350 M ⊕ will cause an RMS of 47 s when located in the P 2 /P 1 = 7:3, 5:2, 3:1, 17:5 and 4:1 exterior resonance. For the 1:3 interior resonance, a perturber mass (upper limit) as small as 2.5 M ⊕ could also cause a RMS mid-transit time scatter of 47 s.
Recently, Pearson (2019) provided evidence for an additional perturber in the WASP-18A system with an orbital period of 2.155 days and an eccentricity of 0.009 ± 0.006. The mass was found to be around 50 M ⊕ . When comparing this with our results, the 2.155 day period translates to a period ratio of P 2 /P 1 = 2.29. From our dynamical analysis (see Fig. 5 ), this period ratio suggests an upper mass limit of 10 M ⊕ for a circular orbit and implies non-consistent results. At this point, we can not offer a plausible explanation for the mass difference of a factor of 5. The suggested perturber in Pearson (2019) is on a nearcircular orbit which coincides with our circular case. However, the difference found could be probably related to the different data set considered. While we included ground-based and TESS photometry, Pearson (2019) only analysed TESS data.
WASP-19b
For the WASP-19b system the measured transit-timing RMS scatter was TTV RMS = 65, s. Additional bodies with an upper mass limit as low as 0.26 M ⊕ at the 1:2 (interior) mean-motion resonances could cause the observed RMS scatter. Hypothetical planets of 2.8 M ⊕ , 3.0 M ⊕ and 1.0 M ⊕ could cause the observed RMS scatter at the 5:3, 5:2 and 3:1 exterior mean-motion resonances, respectively. We refer to Fig. 6 .
WASP-77Ab
For the WASP-77Ab system we refer to Fig. 7 . The measured RMS of mid-transit timing variations around the linear ephemeris was TTV RMS = 86s. For interior mean-motion resonances the 1:2 and 2:3 commensurabilities could cause the observed TTV RMS by an additional planet of mass around 1.8 M ⊕ and 5.5 M ⊕ . However, the 2:3 resonance is very close to the general instability area rendering the orbit likely to be unstable. Fur-ther a 70 M ⊕ mass planet at the 1:3 interior resonance could also cause a TTV RMS of 86 s. A 8 M ⊕ mass planet located at the 3:5 resonance, although relatively close to the inner edge of the general instability region, could also explain the observed timing variation. For exterior mean-motion resonances of 2:1, 3:1 and 4:1 an additional planet of mass 3.0 M ⊕ , 50.0 M ⊕ and 35 M ⊕ , could cause a TTV RMS = 86s, respectively.
TTV period search
We have carried out a Lomb-Scargle period analysis (Lomb 1976; Scargle 1982) for each system's TTVs residuals to search for a significant periodic trend. For this we applied the LombScargle 5 (LS) algorithm available within the Astropy (v3.1.1) Python package (VanderPlas et al. 2012; VanderPlas & Ivezić 2015) .
The algorithm is suitable for unevenly-sampled data. We chose to carry out computations using the observed transit epochs for each system as the independent variable. Each epoch is determined with a high degree of confidence. TTV measurement uncertainties were not accounted for since no convincing periodic trend were detected. Default settings were avoided in order to safeguard the analysis from an inappropriate frequency grid choice. We made use of the minimum and maximum frequency heuristic. Periods between 1 and 5000 epochs were searched for. Furthermore, we sampled each peak twelve times. Noteworthy to mention, and often overlooked, is the possible detection of frequencies much larger than the Nyquist sampling frequency (VanderPlas 2018).
The result for each system is shown in Figs. 8 to 10, were we show the Lomb-Scargle power P from the standard normalization method with 0 ≤ P < 1. The final period is found by multiplying with the final best-fit period for each system. To quantify the significance of period-peaks we calculated the false-alarm probability (FAP) for three different p-values. The FAP encodes the probability of detecting a peak of a given height (or higher) and is conditioned on the null-hypothesis that the data is characterized by normal random noise.
To avoid misinterpretation of the FAP we have calculated synthetic random TTVs for each system in a single realization. For each known epoch, we drew a normal random point with mean zero and standard deviation in accordance with the measured RMS for each timing data set (47 s for WASP-18A, 65 s for WASP-19 and 86 s for WASP-77A).
We then recomputed the LS periodogram for each synthetic data set. This method enables a meaningful quantitative assessment of a minimum requirement of the FAP to detect a true periodic signal which clearly stands out from Gaussian noise. We plot the LS periodograms for the synthetic TTVs in the right panels of Figs. 8 to 10. For all three systems we find that a reasonable minimum FAP of 0.1% is required in order to distinguish any true signal in our data from white noise. In generally, for all three systems, we found no significant (99.99% level) periodicity peaks with a FAP of 0.01% or smaller. The only system that exhibits a period with a FAP 0.01% is WASP-77A for which a period at 40 epochs was found corresponding to P 2 40 × 1.36 days 54 days. We over-plot the map with an upper mass of a hypothetical perturbing planet introducing a mid-transit time TTV RMS scatter of 47 s (solid line) as obtained in this study. The stipulated line is the upper mass limit as obtained from the RMS scatter (30 m/s) of the radial-velocity curve. For initial conditions resulting in aquasi-periodic (i.e bounded) motion of the system, the Y value is close to 2.0 (color coded blue). For chaotic (i.e unstable) motion, the Y is diverging away from 2.0 (color coded red to yellow). Vertical arrows indicate (P 2 /P 1 ) orbital resonances between the perturbing body and the transiting planet. The two planets were assumed to be co-planar, and the perturbing planet's eccentricity was initially set to zero. See electronic version for colors. 
Summary and Conclusions
We performed a photometric follow-up of the transiting exoplanets WASP-18Ab, WASP-19b, and WASP-77Ab using meterclass telescopes within the TraMoS project. Our 22 new highprecision light curves and archival data were combined to refine the physical and orbital parameters of the systems. For WASP-18Ab we find a larger value for the fraction of the radius R p /R * than the most recent work with TESS data Shporer et al. (2018) , and a larger total transit duration T 14 comparing with Hellier et al. (2009) . The rest of the stellar and planetary parameters are all in good agreement with previous results.
In the analysis of WASP-19b, our results are in general, in good agreement with previous works (Hebb et al. 2010; Lendl et al. 2013) . Only the inclination i and the total duration of the transit T 14 show important differences.
In this work, we reported the first bulk measurements of the WASP-77Ab system. We find almost no disagreement in the orbital and physical parameters with the discovery paper Maxted et al. (2013a) .
We included archival transit mid-times and new TESS light curves along with the transits from the TraMoS project, to obtained refined values for the period P of the three exoplanets. We report an orbital period of P = 0.941452417 ± 2.7 × 10 −8 days for WASP-18Ab, P = 0.788838940 ± 3 × 10 −9 days for WASP-19b, and P = 1.36002866 ± 1.7 × 10 −7 days for WASP-77Ab. With these refined orbital periods, we proposed updated linear ephemeris for the three targets. The scatter in the transit midtime TTV RMS is 47 seconds, 65 seconds, and 86 seconds, for WASP-18Ab, WASP-19b, and WASP-77Ab, respectively. Also, we found a lack of significant TTV periodic signals.
The TTV RMS could be produced by a perturber body gravitationally bounded with our targets. Thus, we performed orbit integrations to find upper mass limits for possible companions. We found that, for WASP-18Ab, the observed RMS could be produced by a perturber with an upper limit mass of around 4 − 7.5 M ⊕ in 7:3, 5:2, 3:1, and 4:1 exterior resonances, and for the interior resonances 1:3, 1:2, 2:1, and 2:5, a body with a mass between 1 − 11 M ⊕ . We compared our results with the recent submission of Pearson (2019) , where evidence of a possible perturber of 50 M ⊕ with an orbital period of 2.155 days is presented. However, for that period, our results place an upper mass limit of 10 M⊕.
In the case of WASP-19b, companions with upper limit masses between 0.65 − 3 M ⊕ in 2:1, 5:2, 5:3, and 3:1 exterior resonances, could produce the 75 seconds of scatter. As well as a 0.26 M ⊕ body in 1:2 interior resonance. For WASP-77Ab, the observed RMS in the TTVs could be produced by planets with masses between 1.5 − 8 M ⊕ in the interior resonances 1:2, 3:5, 2:3, 1:4, and 4:7. And for exterior resonances 11:7, 5:3, 7:4, and 2:1, perturbing bodies with masses between 3 − 6 M ⊕ .
The hypothetical perturbers with the greatest masses for the three targets are discarded, as they are constrained by RV variations. These cases are: a body up to 350 M ⊕ in 17:5 resonance for WASP-18Ab, 95 M ⊕ in 4:1 resonance for WASP-19b, and 70 M ⊕ , 50 M ⊕ , 105 M ⊕ , and 35 M ⊕ in 1:3 3:1, 5:2, 4:1, and resonances, respectively, for WASP-77Ab. The possible perturbers presented in this work, that are not discarded by RV limits, does not exceed 11 M ⊕ .
We find no significant periodicity in the TTV curves of the three exoplanets by performing a Lomb-Scargle period analysis.
At this point, we find no evidence that a second-degree model is better than a linear model for WASP-18Ab. This supports the conclusion that there is no evidence for a rapid orbital decay, as proposed by Wilkins et al. (2017) . As the TTV technique is sensitive to detect tidal decays on the exoplanets' orbits, we could detect any trending in the TTV data, which is not the case. Moreover, theoretical studies (Collier Cameron & Jardine 2018) suggest a time of around 20 years to observe a variation of 4 seconds in this system. Our results support that prediction.
Previous photometric studies of WASP-19b (Lendl et al. 2013; Wong et al. 2016 ) also suggest the lack of TTV on this system. Our results include more transit times, 88 versus 56 in Wong et al. (2016) and 14 in Lendl et al. (2013) , and also more recent transits light curve coming from TESS. Finding a no periodic TTV signal is consistent with their results. This is the first detailed study of WASP-77Ab. Our results will serve as a base for future photometric and dynamic studies where an extensive follow-up should be performed. WASP-77Ab shows the larger deviation for the linear ephemeris of our targets, with almost 1.5 minutes. More consecutive transit times are needed to understand the true nature of this planet and its possible companions.
The Kepler mission provided continuous photometric monitoring of thousand of stars, that ended up with the first discovery of a planetary system showing TTVs. Now TESS with its observing plan divided into sectors is delivering an important amount of photometry data especially for short-period exoplanets, as hot Jupiters. Combining the new TESS data with groundbased follow-up observations, many possible short-period TTVs could be confirmed or ruled out.
To date, none of the previous and current targets of the TraMoS project have shown TTVs (Hoyer et al. 2016 (Hoyer et al. , 2013 (Hoyer et al. , 2012 . As they are all hot Jupiters, these results suggest that probably, this kind of planets are isolated on their systems or accompanied by small bodies, making difficult to detect them. How WASP-47b (Becker et al. 2015) and Kepler-730b (Cañas et al. 2019) , the only two hot Jupiters showing TTVs, have closein companions is still unknown. Moreover, none of the current formation theories of this kind of exoplanets, predict the occurrence ratio of close-in companions in their systems. However, Steffen et al. (2012a) analyzed Kepler data to constraint the occurrence rate of companion in hot Jupiter systems. In a sample of 63 candidates, none of them show evidence of close-in companions. Thus, continuing performing photometric follow-up of hot Jupiters is crucial to unveil their planetary formation process.
